Stringent environmental standards have made the removal of Cr(VI) from water an important problem for environmental scientist and engineering. Heterogeneous photocatalysis using suspended photocatalyst is an interesting technique to consider for this application. In this work, the influence of particle size of suspended CdS on the photocatalytic reduction of aqueous Cr(VI) ion was investigated. The efficiency of Cr(VI) reduction was monitored through UV-visible analysis. The experimental results showed that the nanoparticle size has a dramatic effect on the adsorption and reduction of Cr(VI). As surface area increased from 44.2±0.6 to 98.7±0.5 m 2 /g due to particle size reduction, the rate of Cr(VI) reduction nearly doubled in the first 20 min of visible light irradiation. The results evidenced the inverse relationship between the apparent reduction rate constant and the CdS particle size. Conversely, the half-life (t1/2) period of the photocatalytic reduction has a direct relationship with CdS particle sizes.
Introduction
Photocatalytic transformation of reactants at the surface of a semiconductor is a complex multi-step process involving (a) photogeneration of conduction band electrons (ecb -) and valence band holes (hvb + ); (b) separation and transport of the charges to the photocatalysts surface; and (c) surface redox reaction [1] . The reductive and oxidative surface reactions involve the transfer (ejection) of electrons or holes to pre-adsorbed reactants. The rates of the surface reactions depend on the efficiency and rate of charge transfer between the photocatalyst and the substrate and on the quantity and quality of the active surface area of the photocatalyst [2, 3] . A catalyst with large surface area is usually preferred because it usually provides large area for the adsorption of the solute, more active sites for ejection of charge carrier(s) and for the surface reactions to occur.
Literature indicates that numerous successful studies have been done to investigate the feasibility of reducing Cr(VI) to Cr(III) by the photocatalytic process. In general, the studies covered many aspects of photocatalysis includ-ing the influence of the (a) type of photocatalyst [4, 5, 6, 7] , (b) irradiation intensity [8] , (c) photocatalyst loading [9] , (d) Cr(VI) pollutant concentration [9] , (e) solution pH [10] , and (f) addition of radical scavengers [11] on the rate of reduction of Cr(VI) to Cr(III) with the objective of optimizing the process. The findings indicate that (a) the rate of reduction increases but photoefficiency decreases with increasing irradiance, (b) the percentage of Cr(VI) photoreduced increases to a maximum and then decrease with increasing photocatalyst loading, (c) the rate of reduction increases but percentage of Cr(VI) reduced decreases with increasing Cr(VI) concentration, and (d) the rate of reduction decreases with increasing pH. Despite these investigations on the effects of operating conditions in the photocatalytic reduction of Cr(VI) to Cr(III), it is not clear what changes in photocatalytic activity are expected due to the particle size of CdS photocatalyst.
In the present work, we attempted to systematically investigate the effect of particle size on the adsorption and photocatalytic reduction of Cr(VI) in aqueous medium. Towards this end, CdS nanoparticles were prepared by microwave assisted polyol precipitation method and separated into different sizes by centrifugation. The fractions were suspended in aqueous Cr(VI) solution to study the effect of particle size on the reduction kinetics of HCrO4 2-by CdS under visible-light irradiation.
Materials and Method

Materials
The chemicals, such as cadmium chloride (CdCl2•2.5H2O), thiourea (H2NCSNH2), thio ace tamid e and e thy le ne g ly co l (HOCH2CH2OH), were purchased from Merck. Polyvinyl pyrrolidone (PVP 58 000) as capping/stabilizer was purchased from Alfa Aesar (NaOH, Emsure, Germany). Sulphuric acid (H2SO4, 95-98%, R&M Chemicals, U.K.), ethanol (C3H6O, R&M Chemicals, U.K.), potassium dichromate (K2Cr2O7, Systerm, Malaysia) and 1,5-diphenylcarbazide (C13H14N4O, R&M Chemicals, U.K.) were also used. All chemicals were of analytical grade and used as-received in the experiments without further purification.
Synthesis of Polyvinyl Pyrrolidone (PVP) capped CdS nanoparticles
The synthesis of CdS quantum dots (QDs) was performed in a 0-1000 W power microwave (MW) digester with a temperature controllable unit. PVP capped CdS quantum dots were synthesized by the microwave polyol method as previously described [12] with slight modification. In a typical synthesis, 12 mmol of a H2NCSNH2 was mixed with 10 mmol of CdCl2•2.5H2O and dissolved in 100 mL 2.5 wt.% solution of PVP in ethylene glycol. The mixture was stirred at 550 rpm for 1 h at room temperature to ensure complete dissolution of the solids. The homogeneous solution was then irradiated at medium-low power (400 W) in the MW digester for 10 min at 150 o C. After about 7-8 min, the solution turned deep orange in color indicating the onset of CdS nanocrystals formation. After irradiation, the turbid CdS suspension was allowed to cool overnight in the dark. The CdS precipitate was separated by centrifugation (Kubota, Model 6500) at 5000, 10000 and 15000 rpm for 20 min. The precipitate was washed three (3) times with deionized water and then with pure ethanol and dried at 90 o C for 5 h. The CdS fractions labelled as CdS-5, CdS-10, and CdS-15, respectively.
Photocatalytic activity measurement
Photocatalytic activities of the CdS fractions were investigated by reduction of Cr(VI) to Cr(III) experiments in a 400 mL immersion well photoreactor (model RQ400, Photochemical Reactors, UK). The schematic diagram of the photocatalytic reaction setup for the reduction of Cr(VI) is shown in Scheme 1. In a run, 0.20 g of the photocatalyst was added to 200 mL of 20 mg/L (68 μmol/L) K2Cr2O7 solution containing 15 % volume CH3OH in the reaction flask. The pH of the mixture was adjusted with 0.18 M H2SO4 and the flask was placed on a magnetic stirrer and stirred for 30 min (based on adsorption kinetic studies) in the dark to equilibrate. In the meantime, a 400 W halogen lamp in an immersion well that is cooled with water (5 mL/s) was switched on for a 15-20 min run up time to reach maximum output. Thereafter, the immersion well with the glowing lamp was inserted into the reaction flask to start the photoreaction under continuous stirring at 500 rpm. About 3 mL of reaction mixture were drawn from the reactor vessel at scheduled time intervals to the maximum of 60min. The aliquots were immediately centrifuged at 5000 rpm for 5 min to settle out the photocatalyst and collect the supernatant for analysis of the residual Cr(VI). The temporal concentrations of Cr(VI) were determined by optical absorbance measurements of the supernatants at 540 nm on a spectrophotometer (Shimadzu model UV-1800) according to the 1,5-diphenylcarbazide (DPC) procedure [13] . All aqueous solutions and dispersions were produced with 18.2 M.cm distilled de-ionized water.
Characterization
The X-ray diffraction (XRD) diffractogram patterns of the powdered samples were recorded using a Shimadzu X-ray diffractometer (XRD-6000) with Cukα radiation (λ = 0.1540 nm). The morphologies of the CdS samples were viewed using scanning electron microscopy (SEM; Hitachi S-3400N) and energy filtering transmission electron microscope (Leo 912AB EFTEM).
Ultraviolet-Visible (UV-VIS) diffuse reflectance spectra of all samples were obtained on a Shimadzu UV-Vis-NIR Spectrophotometer (model UV-3600, Japan) equipped with a Ba-SO4 coated integrating sphere. Samples were lightly ground using an agate mortar and pestle to form loose agglomerates of about 0.1 mm in size prior to optical measurements. The absorbance spectra were analyzed using the [14, 15] relation:
where K is a constant, F(R∞) is equivalent to molar extinction coefficient, Ebg is the average band gap of the material and n is also a constant that depends on the type of transition. CdS is a direct transition material which means n = 1/2. The optical band gaps of the CdS fractions were estimated from the intercept of the tangent to linear portion of the [hF(R∞)] 1/n vs. h plots on the h axis. Surface areas of the samples were determined from BET measurements on a 3Flex Surface Characterization Analyzer (Micrometrics, USA).
Results and Discussion
Characterization
Structural analysis
In Figure 1, Figure 1 ) of hexagonal CdS that match PDF 77-2306. The sharp and high peak intensities of the lattice reflections are indications that the sample has well grown crystals and relatively regular crystalline structure [12, 16] . Scheme 1. Schematic diagram of the photocatalytic reduction setup. Cooling water inlet (1), cooling water outlet (2), Cr(VI) solution (3), quartz glass lamp sleeve (4), borosilicate glass photoreactor (5), visible-light source (6), magnetic bar (7), and hot plate and magnetic stirrer (8)
Morphological and textural analyses
The morphology of the PVP-capped CdS sample was investigated with SEM. Figure 2(a) shows a typical SEM micrograph of the assynthesized CdS sample. The photograph shows spherical particles of PVP embedded CdS. The presence of PVP limits aggregation [12, 17] and gives the wool-like appearance that is observed in the picture. This result is consistent with other results of polymer capped nanoparticles as reported in the literature [18] . To investigate the chemical composition of CdS sample, the elemental analysis of samples was performed using Energy-dispersive X-ray spectroscopy. The EDX pattern (Figure 2(b) ) of the CdS nanoparticles is shown in Table 1 . The results show that the sample contains 70.16 wt.% Cd and 19.25 % S with the balance (10.59 %) being C.
Figures 3(a) to 3(c) show the TEM micrographs of the different CdS fractions: CdS-5, CdS-10, and CdS-15, respectively. It is observed from Figure 3 (a) that the fraction obtained at 5000 rpm (CdS-5) consists mainly of large angular particles. On the other hand, the CdS-10 (10000 rpm; Figure 3(b) ) and CdS-15 (15000 rpm; Figure 3(c) ) samples consist of uniformly shaped spherical particles. The differences in morphology between the CdS-5 and the other samples could be due to particle aggregation. The mean particles size distributions of the fractions determined by counting using the software FIJI [19] are shown in Figure 3(d) and the computed particle diameters are listed in Table 2 . The relatively large particles (CdS-5 and CdS-10) settled out at 5000 and 10000 rpms before the settling out of the Table 1 . Elemental composition of as-produced CdS sample. Total 100.00 100.00 100.00
Figure 2(a). SEM micrograph
Figure 2(b). EDX spectrum of the as-produced CdS sample
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Copyright © 2017, BCREC, ISSN 1978-2993 smaller sized particle CdS-15 at 15000 rpm. Figure 4 shows the room temperature diffuse reflectance spectra of the different CdS fractions. These spectra show the typical features of group II-VI semiconductor nanoparticles. As is evident from the figure, all the samples begin to absorb between 400 to 500 nm. This corresponds to absorption edges less than that of bulk CdS (≈ 515 nm, [20] ) which is indicative of a blue-shift in the band gaps of the samples. The inset of Figure 4 shows the Tauc plots and the corresponding band gaps of the fractions CdS-5, CdS-10, and CdS-15 as 2.5, 2.6 and 2.9 eV respectively. Tauc plots (inset of Figure 4) show the band gaps of the samples have blue shifted by about 0.1, 0.2 and 0.5 eV compared to that of bulk CdS (2.4 eV). The shifts are quantitatively consistent with the results of previous work [16] . The increase in band gap with decrease in particle size can be attributed to size confinement effect [17, 20] . Figures 5(a) to 5(c) show the N2 adsorptiondesorption isotherms for the different CdS fractions. The profiles exhibit the typical type IV isotherm with its characteristic hysteresis indicating that the fractions are mesoporous [21] . The specific surface areas (BET) of the fractions determined are summarized in Table 2 . From the table, it is observed that the largest surface area (98.7 m 2 /g) was observed for CdS-15, followed by CdS-10 (79.1 m 2 /g) and then finally by CdS-5 which gave the lowest surface area of 44.2 m 2 /g. The result showed that the specific surface area has an inverse relationship with particle size [22, 23] . Figure 6 shows the temporal decay of Cr(VI) concentration over different CdS fractions because of adsorption (dark region) and then by photocatalysis under visible light irradiation. The figure showed that irrespective of the CdS particle size, Cr(VI) was removed by all the samples. However, the removal is more efficient over CdS-15 than it was over CdS-10 and CdS-5. The concentration of Cr(VI) exponentially decreased more rapidly as the size of the catalyst decrease. For CdS-15, it is observed that about 70% of the initial Cr(VI) was reduced within the first 20 min of illumination thereafter the fall begins to flatten out. The fall in reduction rate has been attributed to decrease in Cr(VI) concentration and also to the cumulative deposition of Cr(OH) onto the surface of the photocatalyst [24] . The experimental results showed that on comparison as the surface area increased from 44.2±0.6 to 98.7±0.5 m 2 /g due to particle size reduction, the rate of Cr(VI) reduction nearly doubled in the first 20 min of visible light irradiation.
UV-Visible analysis
BET analysis
Photocatalytic reduction of Cr(VI)
The temporal photocatalytic decay of Cr(VI) concentration has been shown to obey the pseudo-first order rate kinetics [6, 25, 26] :
where ka is the apparent first-order rate constant, and C0 is the initial concentration of the Cr(VI) pollutant. The rate constant, ka, is determined by nonlinear regressing of experimental data as shown by the solid lines in Figure 6 . The relationship between the reaction rate and particle size could be determined for the Figure 6 , suggests that the relationships between each of the parameters and particle diameter is logarithmic of the form presented in the previous work [27] . Accordingly, experimental data were fitted to a logarithmic function of the form:
where y0 and A are constants and d (nm) is particle diameter. The constants (y0 and A) that establish the respective relationship between r0 (mg/L.s), ka (min -1 ), and t1/2 (min) of photoreduction of Cr(VI) and particle diameter of the CdS are obtained by non-linear fit of experimental data to Equation (3) . The relationships that favorably approximates the r0, ka, and t1/2 to the photocatalyst particle size are: Figure 7 shows the variations of (a) reaction rate, (r0) with diameter, (b) rate constant, (ka) with diameter, and (c) half-life time t1/2 with diameter, respectively. From the figure, it is observed that both initial rate and rate constant have inverse relationship with CdS diameter. Conversely, half-life period has direct relationship with particle size. That is, it increases (or decreases) with increase (or decrease) in particle size. This result is consistent with the finding of previous work [27] working on TiO2/methylene blue/UV system.
Conclusions
CdS nanoparticles were prepared by microwave assisted polyol synthesis method. The reduction of Cr(VI) to Cr(III) was studied in suspended solutions of CdS photocatalyst of different particle sizes. The adsorbability of Cr(VI) on suspended CdS particles increased as the particle sizes decreased. Similarly, the photocatalytic activity also increased with the decrease in the CdS particle size. The initial reduction rate, r0, apparent rate constant, ka and half-life, t1/2 of photoreduction of Cr(VI) are found to be logarithmic functions of particle diameter. Both the r0 and ka were found to increase with decrease in particle diameter. Whereas, the half-life times of Cr(VI) reduction increase with increase in diameter. Thus, the photocatalytic activity increased as the CdS particle size became smaller. Figure 6 . Decay of normalized Cr(VI) concentration using CdS powder of different particle sizes as photocatalysts. The dot-dashed lines are nonlinear fits of experimental data to Equation (1) Figure 7 . Variations of first-order rate constant, ka (filled box), initial rate, r0 (filled circle) and half-life, t1/2 (filled rhombus) with the catalyst particle diameter. The calculated data from relationship Equations 3 to 5 are plotted for comparison as the different dashed lines
